Abstract N-Acyl homoserine lactone (AHL)-mediated Quorum sensing (QS) is one of the most studied social behavior among Proteobacteria. However, despite the current knowledge on QS-associated phenotypes such as bioluminescence, biofilm formation, or pathogenesis, the characterization of environmental factors driving QS in realistic ecological settings remains scarce. We investigated the dynamics of AHL and AHL-producing Vibrio among 840 isolates collected fortnightly from the Salses-Leucate Mediterranean lagoon in spring and summer 2015 and 2016. Vibrio isolates were characterized by gyrB gene sequencing, Enterobacterial repetitive intergenic consensus polymerase chain reaction, and genome sequencing, and AHL production was investigated by a biosensors-based UHPLC-HRMS/MS approach. Our results revealed, for the first time, a succession of V. mediterranei isolates with different AHL production phenotypes over time and this dynamics was observed in a single genotype (average genomic nucleotide identity >99.9). A multivariate DistLM analysis revealed that 83.4% of the temporal variation of V. mediterranei QS phenotypes was explained by environmental variables. Overall, our results suggest that isolates of a single genotype are able to change their QS phenotypes in response to environmental conditions, highlighting the phenotypic plasticity of bacterial communication in the environment.
Introduction
Bacterial communities inhabiting marine coastal areas are subjected to rapid and somewhat unpredictable changes in their environment [1] . In order to cope with these changes, bacteria implement flexible strategies supporting a certain degree of phenotypic plasticity [2] [3] [4] . Vibrio are well known for their capacity of rapid physiological adaptation in response to changing environmental conditions, making them highly dynamic over short-term and seasonal scales [5] . These opportunistic bacteria are sensitive to unfavorable conditions by switching from an active free-living state into a "dormant" viable but not culturable (VBNC) phenotype, or by colonizing viscous surfaces such as biofilms [6] [7] [8] [9] . When favorable conditions reappear, their high reactivity allows them to colonize new substrates and to be part of the microbial community associated with zooplankton, phytoplankton, and marine vertebrates and invertebrates [10] [11] [12] [13] .
In the last decades, our vision of bacterial communities has significantly changed, and microbial cells are no longer considered to behave individually, but rather to act socially [14] [15] [16] . It is now clear that micro-organisms perform social behaviors, synchronizing the expression of functional genes at high cell density by sensing their surrounding environment. This mechanism is generally known as Quorum sensing (QS) [17] , and type 1 auto-inducers (AI-1) also called N-acyl-homoserine lactones (AHL) are important signal molecules for the communication between closely related members of the Proteobacteria. Among Vibrio species, most studies highlighted the processes controlled by QS, i.e., QS-associated phenotypes, such as bioluminescence and symbiosis [18, 19] , biofilm formation [20] , toxin production, or expression of virulence factors [21] [22] [23] . In vitro studies have demonstrated the involvement of QS in the "resuscitation" of VBNC Vibrio cells [24, 25] . However, Platt and Fuqua [26] presented the QS process themselves (i.e., the production of signal molecules), as impacted by multiple aspects of natural environments. In support of this idea, research on the AHL biosynthetic pathways has suggested that any environmental factor likely to affect the primary metabolism of bacteria could modify the "language" spoken by the bacteria [27, 28] . Finally, several studies have reported heterogeneous AHL production phenotypes (APP) among different isolates of a single Vibrio species, i.e., the production of different sets of AHLs according to their origin [29] [30] [31] [32] .
Despite all this previous knowledge, the question of whether APP form coherent populations in the environment, show temporal dynamics, or respond to different environmental conditions, remains largely underexplored. Therefore, in the present study, we investigated over a 2-year period the temporal dynamics of AHL-producing Vibrio isolates from a French Mediterranean lagoon and evaluated the possible links between phenotypic plasticity of AHL production and environmental conditions.
Materials and methods

Sample collection
A 2-year study was carried out during the summer in 2015 and from spring to summer (April to July) in 2016 at one sampling site in the south basin of the Salses-Leucate lagoon, on the Mediterranean coast of France (42°50'54.6" N, 3°00'08.7" E; Figure S1 ). Surface water was collected in sterile bottles and prefiltered through a 50-µm mesh. Plankton was collected using a 50-µm plankton net (30 cm diameter, 1 m length, 500 mL cod-end) by carrying out a 5-min horizontal tow at two knots. All samples were processed within 3 h. For each sampling date, triplicate plankton aliquots of 15 mL were fixed with 4% neutral Lugol's solution (0.68% potassium iodide and 0.34% iodine in distilled water) and stored in the dark at 4°C. Taxonomic identification and enumeration were performed within 2 months. Surface temperature (°C), salinity (psu), dissolved oxygen (DO, % saturation), conductivity (mS/cm), and pH were recorded at each sampling date using an HQ40d multiparametric profiler (Hach). Physicochemical parameters, as well as pigments were analyzed using standard methods (the methodological details can be found in Table 1 ). 
Vibrio isolation and characterization
For the enumeration of Vibrio, water samples (0.1, 1, and 10 mL) were filtered onto 0.45-µm pore-size nitrocellulose filters (Millipore, 47 mm), plated onto the selective medium thiosulfate-citrate-bile-sucrose (TCBS) [35] and incubated for 24 h at 20°C. Vibrio strains were isolated from 2 fractions: less than 50 µm, assumed to mostly represent Vibrio in the water column and greater than 50 µm, corresponding to large phytoplankton and zooplankton-associated Vibrio. The <50-µm fraction consisted of 20 L of 50 µm prefiltered water further concentrated using a hollow fiber filter HF80S (Hemoflow, Fresenius Medical Care). The concentrate was backwashed with 500 mL of wash solution (0.01% sodium hexametaphosphate and 0.5% Tween 80; Sigma-Aldrich). The >50-µm fraction consisted of a plankton net tow concentrate that was split into five subsamples of 15 mL and homogenized by gentle sonication for 5 min in order to unbind the attached bacteria. For both fractions, a tenfold serial dilution was made in artificial seawater and 100 µL of each was plated in triplicate on TCBS agar. Thirty colonies per fraction and per sampling date were randomly picked using a gridded petri dish.
Isolate identification
A total of 840 isolates were identified based on gyrB gene sequences. PCR was performed using cells from a single colony and amplification reactions consisted of 12.5 µL of Kapa2G Master Mix (KAPA2G Fast Hotstart ReadyMix PCR kit, KapaBiosystems), 6.25 µL of 10 mM MgCl 2 , and 1.25 µL of each universal gyrB primer UPIE (5′ GAAGTC ATCATGACCGTTCTGCAYGCNGGNGGNAARTTYR-A 3′) and UP2AR (3′ AGCAGGGTACGGATGTGCGAG CCRTCNACRTCNGCRTCNGYCAT 5′) [36] . The PCR conditions were slightly optimized for the KAPA2G Fast DNA Polymerase and were as follows: a 5-min initial denaturation step at 95°C, followed by 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s, and a final elongation step of 2 min at 72°C. PCR products were sent to Macrogen Europe for sequencing using the dideoxytermination (Sanger) reaction with the primer gyrB UP1S (5′ GAAGTCATCATGACC-GTTCTGCA 3′) [37] to obtain sequences around 800 bp in length.
Detection of QS-active isolates
The methodological approach for the screening of AHL producers and the identification of AHL compounds by ultra high performance liquid chromatography (UHPLC) coupled with high-resolution tandem mass spectrometry UHPLC-HRMS/MS were strictly identical to those previously described in Girard et al. [38] . Briefly, two biosensors were used, Pseudomonas putida F117 (pKR-C12) for long acyl-side chain AHLs (C8-C18) and Escherichia coli MT102 (pJBA-132) for short acyl-side chain AHLs (C6-C10) [38] . Isolates were tested, in triplicate, on each biosensor immediately after isolation from the environmental samples and before mass spectrometry analysis, several months after isolation and preservation at −80°C.
Genetic and genomic characterization of V. mediterranei isolates
The genetic diversity of V. mediterranei isolates was evaluated by Enterobacterial repetitive intergenic consensus polymerase chain reaction (ERIC-PCR) [39] . Briefly, genomic DNA from 253 isolates was obtained by cellular lysis (three rapid freeze/thaw cycles with liquid nitrogen/70°C incubation), and DNA concentrations were estimated spectrophotometrically in order to dilute each lysate to 100 ng/µL. The ERIC-PCR reactions were performed using previously described protocols employing the ERIC1 and ERIC2 primers [40, 41] . PCR amplifications were performed with the GoTaq G2 Flexi polymerase (Promega), and fingerprinting profiles were visualized using a Typhoon FLA 9000 imager (GE Life Sciences). Gel image analysis was performed using the GelJ software [42] . For wholegenome sequencing, genomic DNA of two V. mediterranei isolates (17LN 0615E and 21LS 0615E) was obtained with a classical CTAB-β-mercaptoethanol extraction protocol and sent for DNA sequencing (Illumina MiSeq) by Mr. DNA (Shallowater, TX, USA), as described by Doberva et al. [43] . The genomes of the isolates 17LN 0615E and 21LS 0615E were assigned the following NCBI accession numbers NZ_NWTN00000000 and NZ_NWTO00000000, respectively. Genomes were automatically annotated using the RAST server [44] .
Multivariate analyses
A preliminary PERMANOVA analysis [45] was used to test for significant differences among Vibrio assemblages and V. mediterranei APP between the two-size fractions (<50 µm and >50 µm). As the results indicated that there were no significant differences between the two-size fractions, the remainder of the analysis was then performed by pooling the counts from both fractions. The relationships between the G1 V. mediterranei assemblage (i.e., the abundance of each AHL production phenotypes over time, Square-root transformed and Bray-Curtis distance matrix) and all measured environmental variables (Normalization and Euclidean distance matrix) were investigated using a distance-based linear model [46] . In order to visualize if the temporal variations of G1 phenotypes co-occurred with specific phytoplankton taxa, we conducted a second step of analysis consisting of a principal component ordination (PCO) of G1 phenotypes using phytoplankton counts (square-root transformed and Bray-Curtis distance matrix) as predictor variables (nonparametric Spearman's rank correlation). All the multivariate analyses were performed using PRIMER v.7 and its add-on package PERMANOVA+ [45] [46] [47] .
Results
Phenotypic and genetic temporal variation of V. mediterranei isolates
The partitioning of Vibrio isolates, between the water column (<50 µm) and plankton (>50 µm), was monitored during the spring and summer 2015/2016, and a total of 840 isolates were identified as Vibrio spp. We did not observe differences in Vibrio assemblages between the fractions over time (data not shown, PERMANOVA, p value = 0.904; the temporal variation of the total Vibrio spp. can be found in Figure S2 ). Isolates identification, based on gyrB gene sequences, from both size fractions, showed a seasonal dynamics of V. mediterranei isolates (Fig. 1) in particular for 2016, starting from 0 to 28% of total Vibrio isolates during spring and increasing gradually to up to 97% (Summer 2016). Interestingly, the phenotyping of these isolates, under identical culture and screening conditions, revealed a temporal variation of APPs in time. APPs varied, for example, from strains producing only long-chain AHLs (F117 + /MT102 − ) to those producing long-and short-chain AHLs (F117 + /MT102 + ) in 2015 or from a predominance of isolates exhibiting no production (F117 − /MT102 − ) to an exclusive production of long-chain AHLs (F117
in 2016 (Fig. 1b) . In order to determine if these phenotypic changes were due to a shift between different genotypes of V. mediterranei, we used ERIC-PCR [39] to genotype 253 V. mediterranei strains. A total of 22 genotypes were identified, G1-G22 (i.e., Figure 1a and Supplementary Figure 3) and remarkably, 83% of the V. mediterranei isolates, over the 2 years period, belonged to a single UHPLC-HRMS/MS. AHL characterization was carried out according to the procedure described in Girard et al. [38] . Briefly, "anticipated" AHLs were identified by comparison with their corresponding standards (Table S8) , while "unanticipated" AHLs without commercially available standards were identified based on their fragmentation patterns, predicted retention time, and molecular weight (i.e., Tables S6 and S7 ). A total of 13 AHLs were detected and 8 were common to the 4 isolates, namely OH-C10-HSL, oxo-C10-HSL, OH-C11-HSL, OH-C12-HSL, oxo-C12-HSL, C12-HSL, C13-HSL, and oxo-C13-HSL ( Fig. 2 and Figure S4 ). Three short-chain AHLs, C6-HSL, oxo-C6-HSL, and oxo-C8-HSL were putatively identified as being 
Genetic basis of AHL production
One explanation for the different APPs with highly similar genomes could be that these differences were carried by different AHL synthase genes. Annotation and exploration of the two V. mediterranei G1 genomes for these genes revealed a single LuxI/LuxR QS system. However, as it has been shown that some Vibrio species can harbor two AHL production pathways (LuxI/R and LuxM/N), we also searched for other putative N-acetyltransferases in our two genomes. The comparison between the two strains (17 LN0615E and 21 LS0615E) revealed a 100% protein identity not only for the AHL synthase LuxI (accession numbers PRQ68803.1 and PCD89229.1, respectively), but also for all the 15 putative N-acetyltransferases (Table S9) . Altogether these results strongly suggest that the differences observed in terms of AHL production patterns are not explained by different putative AHL synthases.
Factors affecting the dynamics of G1-AHL production phenotypes
To investigate the relationships between the dynamic of G1 APPs and the environmental variables, we conducted a distance-based linear modeling approach (DistLM). A total of seven variables explained 83.4% of the temporal variation of G1 APPs, and among those, phosphate concentration was the variable with the highest explanatory value (37.4 %) and ammonium concentration was the lowest at 4.5% ( Fig. 3 and Table 2 ). Axis 1 (db RDA1) represented essentially a gradient in the abundance of G1, varying from high abundances at the left end to low abundances or no counts at the right end (July 2015 and April/May 2016). Samples with high counts of V. mediterranei G1 (except 2016/06/21) were associated with higher conductivity (an integrated measure of higher temperature and salinity), total dissolved nitrogen, and low phaeophytin concentrations, while an inverted trend was observed for samples with low counts or where V. mediterranei G1 was not retrieved. Axis 2 (db RDA2) reflected the distribution of different APPs. A peak of phosphates and nitrites were associated with an increase of non-AHL producers in the higher end of the axis. As the (F117 + /MT102 − ) phenotype was dominant at dates with high counts of G1 isolates, the same parameters are linked to counts of the (F117 + /MT102 − ) phenotype at the lower end of db RDA2 axis.
A PCO was performed in order to visualize which phytoplankton species co-occurred with different APP (Fig. 4) . As observed in db RDA1, Axis 1 (PCO1) reflected the gradient in G1 abundances among the sampling dates with the lowest counts of G1 in the right end (July 2015 and April/May 2016) and where picoeukaryotes, Cryptophyta, unidentified nanoeukaryotes, Dinophysis sp., and Prorocentrum micans were present in their highest abundances. In the left end of PCO axis 1 were samples with the highest G1 counts (June 2015 and June/July 2016) associated to the highest counts of Grammatophora sp. and Scrippsiella sp., and bacteria abundances. Axis 2 (PCO2) mostly separates dates based on the presence of V. mediterranei G1 AHL producers and nonproducers. While higher abundances of Gonyaulax sp. and Amylax sp. seemed to be associated to sampling dates with the highest counts of non-AHL producers (2016/06/21), Cyanobacteria and Pyrophacus sp. abundances were linked to the samples dominated by AHL producers. Fig. 3 The dbRDA ordination representing the results of the DistLM analysis in 2D. DistLM is used to examine the relationship between the distribution and temporal dynamics of V. mediterranei G1 APP and all-measured environmental variables. Vectors represent predictor variables used for the construction of the constrained ordination (the dbRDA diagram), and the length of the vectors represents the explanatory percentage of each variable. The analysis is detailed in Table 2 Marginal tests show how much variation each variable explains when considered alone, ignoring other variables. Sequential tests explain the cumulative variation attributed to each variable fitted to the model in the order specified, taking previous variables into account
Discussion
It is well known that the ability of Vibrio, as well of other Gram-negative bacteria to survive by making biofilms, infecting hosts, modifying their metabolism, or to enter into a VBNC state is modulated by QS [14, 24, 50, 51] . In addition to the fact that QS allows the bacteria to sense their number and co-ordinate their actions, the variability of autoinducers production might offer an advantageous response to adapt their actions according to environmental fluctuations. In order to survive in a changing environment, bacteria have evolved to set up various adaptive responses. Phenotypic plasticity is one of them and it reflects the direct influence of the environment on the development of individual phenotypes. In other words, bacteria can adapt to environmental selective pressures to maintain their own fitness. Phenotypic diversity of QS systems has already been described for different strains of a single Vibrio species [29] [30] [31] 52] , and temporal changes in AHL production during the development of natural biofilms including Vibrio species have been shown [53] . However, the results of these earlier studies did not show clear evidence of QS phenotypic plasticity. Our study shows a clear short-term temporal variation in APPs among environmental isolates of a single Vibrio species (V. mediterranei) that were remarkably grouped into a single genotype (G1) based on gyrB sequences, ERIC-PCR, and genomic analysis. This change of AHL production patterns was temporally coherent and in some cases reached the near totality of Vibrio isolates in a sample. As the ANI value among the two sequenced genomes was very high (99.96%) but not identical, it is always possible that the residual 0.04% could be responsible for the differences of APPs by some unknown mechanism. Nonetheless, the luxI sequences, coding for the AHL synthase, as well as other putative N-acetyltransferases sequences were identical.
While it appears that we have different APPs belonging to a single genotype, the temporal sampling of Vibrio isolates in parallel to physicochemical parameters measurements allowed us to evaluate the variation in the environment, leading to the phenotypic plasticity of AHL production. However, as sampling was originally designed to evaluate the diversity of total Vibrio spp. (and not just that of V. mediterranei G1), the total number of studied strains are limited, and thus in the following discussion we only point to major trends and propose ideas to be tested by more targeted later studies.
Based on our DistLM analysis, the phosphate concentration appeared as the most important explanatory variable correlated with high abundances of non-AHL producers. This was particularly striking for the 21 June 2016, where the near totality of the strains belonged to the (F117 − /MT102 − ) phenotype which coincided with a peak of phosphates likely associated with sediment resuspension. In order to explain this potential link between non-AHL producers and high phosphate concentration, we propose a possible implication of the polyphosphate kinase activity.
The whole-genome analysis of the G1 isolates revealed multiple copies of the ppk gene, and several studies have demonstrated that polyphosphate kinase (ppk) enhances the ability of bacteria to survive under environmental stresses.
Since this enzyme has a negative impact on AHLs production in P. fluorescens and is repressed at high phosphate concentrations [54] [55] [56] , it is tempting to link the lack of AHL production to a repression of ppk by phosphate. As the peak of non-AHL producers, the 2016/06/21, occurred at the highest phosphate concentration in the 2-year sampling period, we hypothesize that a low expression of the ppk gene could have downregulated the expression of the AHL synthase gene [55] . The Salses-Leucate lagoon was also characterized by high cyanobacteria concentrations, mainly attributed to Synechococcus species, ranging between 3.86 × 10 5 to 2.88 × 10 8 cells/L, making them an important part of the microbial community. Over the study, the cyanobacteria counts were highly correlated to the (FF17 Fig. 4 ). In the past, Vibrio species have been previously associated to cyanobacterial blooms [57] , especially by benefiting from their derived organic matter [58] . Mutualistic interactions were described between Synechococcus species and heterotrophic bacteria [59] , and coculture experiments Table 5 between Vibrio species and Synechococcus revealed a deleterious effect on the cyanobacteria physiology especially on the iron, phosphate, and nitrogen pathways [60] . In the other hand, since Synechococcus species harbor "orphan" luxR genes, possibly encoding for the receptor LuxR involved in AHL signal reception, and also shows the quorum quenching activity against Vibrio species, complex QS-based relationships might occur between these two genera [61] [62] [63] [64] [65] . Thereby, the temporal dynamics of different APPs can be related to changes in the cyanobacterial assemblages, switching between commensal/consumers, probably benefiting from the cyanobacterial dissolved organic matter and behaving as competitors for inorganic nutrients, such as phosphate, nitrogen, and iron. Understanding the in situ interactions between APPs of V. mediterranei and cyanobacterial assemblages remains an interesting subject for future studies.
Overall, our results indicate a phenotypic plasticity of AHL production among isolates of a single genotype and converge toward the fact that our strains are harboring a single AHL synthase gene (luxI). The underlying physiological mechanisms leading to this phenotypic plasticity remains to be described. However, it is well known that AHL synthases are catalyzing the reaction between S-adenosylmethionine and acyl-ACPs to produce AHLs [66] and that the available acyl-ACP pools in bacteria may be susceptible to metabolic changes [27] . Considering that it has been recognized that AHL production can be altered though the modulation of the fatty acid metabolic pathway, and that the variation of APPs was explained at 83.4% by the environmental variables, it seems likely that fluctuations in the environment can modify the metabolism of bacteria and thus the nature of the produced AHLs [27, 28] . However, the fact that (1) the near totality of the isolates were non-AHL producers at one time point and AHL producers in the subsequent time point, and (2) that these phenotypes were observed after two rounds of isolation on rich medium raises the intriguing possibility that epigenetic regulation might also be at play. It is well-known that the regulation of phenotypic variation is not always linked to changes in DNA sequence and can be epigenetic in nature [67] . Interestingly, Kurz et al. [68] have shown that epigenetic mechanisms can be involved in the regulation of AHLbased QS system. We hypothesize that V. mediterranei strains could keep a memory of the social traits expressed in the environment. However, as this is the first report on QS mechanisms of V. mediterranei, a consequent work on the description of the QS pathways and QS-associated phenotypes still need to be achieved to confirm or deny this possible epigenetic control. Regardless of the mechanisms leading to the observed phenotypic variation, phenotypic plasticity should confer an increased fitness, as heterogeneous populations should be better to adapt to rapid changes in the environment [69] . The fact that the studied phenotypically plastic V. mediterranei populations thrive in a shallow lagoon subjected to relatively rapid variations in physical and biogeochemical conditions supports this idea. Understanding the possible mechanisms of regulation of AHL-based QS in V. mediterranei remains a fascinating avenue for further studies.
Finally, our work highlights the phenotypic plasticity of AHL production among environmental Vibrio isolates. These results were obtained on strains after isolation and culture on rich media, which underlines the fact that Vibrio isolates could retain a memory of in situ AHL production status. Considering the fact that the quantification of AHL synthases expression by RTqPCR is still difficult due to a very low sequence homology among vibrios [70] , the study of AHL-meditated QS by a biosensor-based approach seems an interesting alternative to estimate whether or not AHL synthesis occurred in the environment.
Conclusion
QS is a well-studied social trait among Vibrio species, however, despite the current knowledge obtained by in vitro studies on few species, there is a lack of studies regarding QS in complex ecological communities. Our study provides a first investigation on the seasonal dynamics of the AHLproducing Vibrio in a changing coastal environment and open new perspectives for outgoing studies regarding QS mechanisms in natural habitats and a possible epigenetic regulation of QS phenotypic plasticity.
